+ -isocitrate dehydrogenase (ICDH) is one of the major enzymes involved in the production of 2-oxoglutarate for amino acid biosynthesis in plants. In most plants studied, ICDH is encoded by either one gene or a small gene family, and the protein sequence has been highly conserved during evolution, suggesting it plays different and essential roles in metabolism and differentiation. To elucidate the role of ICDH in hybrid poplar (Populus tremula x P. alba), transgenic plants overexpressing the Pinus pinaster gene were generated. Overexpression of ICDH resulted in hybrid poplar (Populus tremula × P. alba) trees with higher expression levels of the endogenous ICDH gene and higher enzyme content than control untransformed plants. Transgenic poplars also showed an increased expression of glutamine synthetase (GS1.3), glutamate decarboxylase (GAD) and other genes associated with vascular differentiation. Furthermore, these plants exhibited increased growth in height, longer internodes and enhanced vascular development in young leaves and the apical region of stem. Modifications in amino acid and organic acid content were observed in young leaves of the transgenic lines, suggesting an increased biosynthesis of amino acids for building new structures and also for transport to other sink organs, as expanding leaves or young stems. Taken together, these results support an important role of ICDH in plant growth and vascular development.
Introduction
Recent research efforts have increased our understanding of how inorganic nitrogen is assimilated and metabolized in poplar, however, further research is needed to explore the regulatory networks connecting nitrogen assimilation and recycling, tree growth and wood production (Rennenberg et al. 2010 , CastroRodríguez et al. 2017 . In higher plants, 2-oxoglutarate (2OG) provides the primary carbon skeleton for assimilation of inorganic nitrogen into amino acids through the glutamine synthetase (GS)/glutamate synthase (GOGAT) cycle (Hodges 2002 , Masclaux-Daubresse et al. 2010 , and thus represents a key point in the connection of carbon and nitrogen metabolism (Gálvez and Gadal 1995) . Major enzymes involved in 2OG synthesis are isocitrate dehydrogenases (IDH, Gálvez et al. 1999) , glutamate dehydrogenase (GDH, Labboun et al. 2009 ) and aspartate aminotransferases (AAT, de la Torre et al. 2014) .
During development, net biosynthesis of glutamate is required to support the biosynthesis of nitrogen compounds and hence carbon skeletons such as 2OG have to be provided through the IDH reaction (Hodges 2002 , Pascual et al. 2008a ). Based on coenzyme specificity, IDHs can be classified as NAD + or NADP + dependent. NAD + -IDH (EC 1.1.1.41) is a mitochondrial enzyme involved in the Krebs cycle, and NADP + -IDH (EC 1.1.1.42) comprises a family of different isoenzymes located within different subcellular compartments including cytosol (Gálvez et al. 1996) , plastids (Gálvez et al. 1994) , mitochondria ) and peroxisomes (Corpas et al. 1999) . Cytosolic NADP + -IDH (ICDH) is described as responsible for most of the total IDH activity in both angiosperms and gymnosperms, representing up to 90% of the IDH activity in certain plant organs (Chen and Gadal 1990a , Fieuw et al. 1995 , Gallardo et al. 1995a , Nieri et al. 1995 , Palomo et al. 1998 . Thus, ICDH has been proposed to play a major role in supplying 2OG for glutamate synthesis (Chen and Gadal 1990b) . Mutant tobacco plants with low expression of nitrate reductase showed upregulation of genes involved in nitrogen assimilation, including ICDH, as a response to overcome the reduced capacity of the mutant to synthesize amino acids and to support growth (Scheible et al. 1997 ). In addition, in tomato fruits, high ICDH activity and polypeptide abundance are associated with the accumulation of glutamate and other derived amino acids during the ripening process (Gallardo et al. 1995a) . A role in recycling and distribution of amino acids during senescence has also been proposed in other Solanaceae species (Fieuw et al. 1995 , Masclaux et al. 2000 . In Pinus pinaster, the protein and transcript levels of glutamine synthetase (GS) and ICDH increase during seed germination, chloroplast biogenesis and following treatment with the herbicide phosphinothricin (Palomo et al. 1998 , Pascual et al. 2008a , 2008b . Nevertheless, some results from studies on different species and physiological contexts shed controversy over such relevancy of the ICDH in primary metabolism, suggesting no or limited involvement of ICDH in amino acid synthesis. Transgenic potato (Kruse et al. 1998 ) and tobacco (Gálvez et al. 1999 ) plants with reduced activity of ICDH (only 6-10% of the IDH activity found in control plants) had no relevant effect on growth, flowering, tuber yield, photosynthesis or respiration, and no noticeable modifications in carbon or nitrogen metabolism or amino acid levels. These results suggest that other enzymes such as GDH and AAT are able to provide the required 2OG levels in these plants.
Although ICDH has been associated with chloroplast biogenesis in pine seedlings, its expression pattern was opposite to GS, Fd/GOGAT and Rubisco during hypocotyl differentiation, suggesting that ICDH could play additional roles not yet described in plant development (Palomo et al. 1998) . Furthermore, several ESTs corresponding to ICDH have been detected in libraries prepared from cambial tissue in poplar and pine (Cantón et al. 2004 , Sterky et al. 2004 ) and the enzyme has been located in the vascular tissue of Eucalyptus and pine seedlings (Boiffin et al. 1998 , Pascual et al. 2008b ). The accumulation of ICDH transcripts in pine compression wood and during vascularization of the pine hypocotyl also suggests an important role of this enzyme in vascular development (MolinaRueda et al. 2010) .
Despite the importance of the enzyme in the primary metabolism, studies investigating its metabolic importance in plants remain surprisingly limited (Scheible et al. 2000 , Bläsing et al. 2005 , Urbanczyk-Wochniak et al. 2005 . In this work, we have studied the biological role of ICDH by overexpression in transgenic poplar. Biochemical and molecular analysis were performed and the results obtained in this study support a role of ICDH in plant growth and vascular development.
Materials and methods

Gene construction, plant transformation and growth conditions
A full-length cDNA (1736-bp) for P. pinaster cytosolic NADP + -IDH (AY344584) was cloned into the SacI/XbaI site of pBI121 binary vector, downstream of the CaMV 35 S promoter, yielding the pBI35SIDHb vector ( Figure 1 ). The sequence of the pBI35SIDHb plasmid was verified by sequencing and the vector was transferred to Agrobacterium tumefaciens strain C58C1 by freeze-thawing and then used to transform hybrid poplar plants (Populus tremula × P. alba, clone INRA 717 1-B4) as previously described (Gallardo et al. 1999) . In vitro cultures were maintained in a controlled growth chamber (Koxka, Pamplona, Spain) at 24°C and low light (30 μmol m -2 s -1 ; 16 h light/8 h dark photoperiod; General Electric Cool-White fluorescent bulbs; Madrid, Spain). Prior to ex vitro culture, shoots were rooted on one-half-strength Murashige and Skoog medium (MS) supplemented with 0.5 mg l -1 indole-3-acetic acid, 20 g l -1 sucrose and 8 g l -1 plant agar. The resulting plantlets (average height 10-15 cm) were transferred to a potting mix consisting of MetroMix 200 (Scotts Co., Marysville, OH, USA) without supplementary nutrients and grown under 16 h light/8 h dark photoperiod at 24°C in a growth chamber for 2 months (~60 cm height). Every two or three days, the plants were irrigated only with water. For the analysis, stem and leaves samples were harvested, frozen in liquid nitrogen and stored at −80°C until use. Young and mature leaves were considered from the 4-5 and 12-14 positions, respectively. Leaves were numbered from the Tree Physiology Online at http://www.treephys.oxfordjournals.org top of the plant considering leaf 1, the first leaf with at least 1 cm width. The stem samples consisted of stem regions from nodes 2-5 (apical stem) and 12-14 (bottom stem). Hypocotyl samples of P. pinaster seedlings were collected, frozen into liquid nitrogen and stored at −80°C until use for expression analysis.
The presence of the pine ICDH (PpICDH) gene in the transgenic lines was confirmed by PCR using specific primers for the gene promoter-cDNA junction (Figure 1 ; Fw: 5´-ATGGTGGAGC ACGACACGC-3, and Rev: 5´-ATCATTGTCCATATGACCC-3´).
Estimation of transgene copy number
Southern blot analysis was used to estimate transgene copy number. Genomic DNA was isolated from poplar leaves according to Dellaporta et al. (1983) and 20 μg of genomic DNA were digested separately with BamHI, XbaI and SacI restriction enzymes. DNA samples were run on 0.8% agarose gel, blotted to nylon filters and hybridized with 32 P-labelled pine ICDH cDNA (High Prime System; Roche Diagnostic GmbH, Manheim, Germany) at 65°C in 0.1× standard saline citrate (SSC) and 0.1% (w/v) sodium dodecyl sulphate (SDS). After hybridization membranes were washed at 65°C in 1× SSC and 0.1% (w/v) SDS.
RNA isolation and expression analysis
Total RNA was isolated following the procedure described by Chang et al. (1993) . RQ1 RNase-Free DNase was used for the removal of genomic DNA contamination from RNA samples, and cDNA synthesis was performed with iScript Reverse Transcription Supermix (Bio-Rad, CA, USA). Real-time PCR (qPCR) was performed and analysed as described previously (Canales et al. 2012) . qPCR was used to analyse the expression levels of PpICDH and poplar ICDH (PtaICDH; Potri.017G144500.1 and Potri.004G074900.1) in young leaves and apical stem of control and transgenic poplar plants. The expression levels of glutamine synthetase (PtaGS1.3), glutamate decarboxylase (PtaGAD), glutamate dehydrogenase (PtaGDH) and secondary cell wall-related genes, such as a putative nucleic acid binding protein-like (Pta070), a RING finger protein (PtaRHE1), trans-cinnamate 4-hydroxylase 1 (PtaC4H1), cinnamyl alcohol dehydrogenase 10 (PtaCAD10) and caffeoyl CoA 3-O-methyltransferase 1 (PtaCCoAMT1) were also assessed. Actin2 was used as a reference gene. Samples from control plants (n = 6) and six plants of four independent transgenic lines (n = 24) were used for expression analysis. The gene-specific primers used are listed in Table S1 available as Supplementary Data at Tree Physiology Online.
Protein extraction, SDS-PAGE, enzyme assay and western blot analysis From four to six biological replicates represented by individual plants for each transgenic line (n = 16-24) and control plants (n = 6) were used for protein extraction. Soluble leaf proteins were extracted following the protocol described previously (Gallardo et al. 1999 ) and 2% (w/v) SDS was added to the same buffer for the extraction of stem proteins. Quantification of protein in the extracts was performed using the procedure described by Bradford (1976) with bovine serum albumin as standard. For protein quantification in stem samples, SDS was previously removed by precipitation with potassium phosphate buffer following the method of Zaman and Verwilghen (1979) .
Proteins were resolved by SDS-PAGE in 10% (w/v) acrylamide gels, electrotransferred to nitrocellulose membranes and probed with polyclonal antibodies raised against NADP + -IDH (Palomo et al. 1998 ) and GS (Cantón et al. 1996) . Polypeptide levels for GS and NADP + -IDH in transgenic lines were quantified by densitometry using ImageJ software (Schneider et al. 2012 ).
The activity of NADP + -IDH (EC 1.1.1.42) was assayed by determining NADP + reduction at 340 nm as described (Gallardo et al. 1995a ).
Histological analysis
The fourth youngest leaf and apical stem sections (5-mm-long) corresponding to the internode 4-5 from the apical meristem were used from control and transgenic lines. Six plants of four independent transgenic ICDH lines (n = 24) and six control plants were used for analysis. For analysis of the vascular tissues in the leaf, samples were fixed overnight in a 9:1 mixture of ethanol and acetic acid at room temperature. Fixed samples were cleared in a mixture of chloral hydrate, glycerol and water solution (8 g : 1 ml : 2 ml) (Koizumi et al. 2000) and observed under light microscope (Nikon eclipse E800; Nikon Corp. Tokyo, Japan) equipped with a Nikon DXM1200 digital camera.
For scanning electron microscopy, apical stem sections were fixed in freshly prepared 4.0% (v/v) paraformaldehyde in phosphate-buffered saline, dehydrated in a graded ethanol series, and embedded in paraffin as described by Cantón et al. (1999) . Cross sections of 60 μm thickness were made using an RM2125 RTS manual microtome (Leica, Wetzlar, Germany), deparaffinized with histoclear (National Diagnostic, Atlanta, GA, USA) and hydrated sequentially through an ethanol series. After complete hydration, all samples were dried in a critical-point dryer (desiccation unit Bal-tec CPD 030, Bal-Tec AG, Balzers, Germany), mounted on stubs and coated to a thickness of 22 nm with Au-Pd in a sputter coater (metallization unit JEOL JCC 1100; Jeol USA Inc.). Samples were viewed on the JEOL JSM-840 (Tokyo, Japan) scanning electron microscope.
Quantification of amino acids and organic acids
Young and mature leaf discs (10 mm diameter) and whole stem sections (5-mm-long) of apical and bottom regions from 2-month-old plants were used for metabolite analyses. Samples from six individual plants from four independent transgenic ICDH lines (n = 24) and six control plants were used for Tree Physiology Volume 38, 2018 metabolite analysis. For determination of amino acids, frozen tissue powder (100-110 mg fresh weight) was extracted in 30 mM Tris-HCl, pH 8.0, 1 mM EDTA and 10 mM 2-mercaptoethanol. The extract was centrifuged at 22,000g and the supernatant was subjected to extraction with methanol. The volume of samples was reduced to 200 μl by evaporation at 90°C in an oven. Finally, the extracts were filtered through a 0.45 μm pore filter. Amino acids were analysed by high performance liquid chromatography (HPLC) used an Agilent series 1100 chromatograph (Agilent Technologies, Santa Clara, CA, USA) (Bartolomeo and Maisano 2006) . The amino acids were automatically derivatized with o-phthaldehyde (OPA) and then each sample was injected on a Hypersil BDS-C18 column, 5 μm, 4.0 × 250 mm (Agilent), at 40°C, with detection at λ = 338/ 262 nm. Mobile phase A consisted of 75 mM sodium acetate buffer containing 0.018% triethylamine and 0.3% tetrahydrofuran (pH 7.2). Mobile phase B consisted of 375 mM sodium acetate buffer, pH 7.2, 40% acetonitrile and 40% methanol. At least five replicate determinations were run for each sample.
Quantification was accomplished by using an external standard. Standards used for the quantification of these samples were standard of acid and neutral amino acids (250 μmol l -1 and 25
μmol l -1 ), standard of basic amino acids (250 μmol l -1 and 25
μmol l -1 ) and glutamine (500 μmol l -1 and 50 μmol l -1 ).
L-Malate, citrate, 2OG and oxaloacetate/pyruvate (OAA/Pyr) were enzymatically determined in neutralized perchloric acid extracts from control and transgenic poplar leaf and stem. One gram of plant material was extracted in 2 ml of 0.6 M perchloric acid. The extracts were clarified by centrifugation at 3 000g for 20 min. The supernatants were neutralized to pH 7.5-8.0 with 2 M KOH, incubated on ice for 15 min and centrifuged to remove insoluble KClO 4 . The supernatants of neutralized extracts were used for carboxylate determinations. L-Malate was determined with L-malate dehydrogenase (EC 1.1.1.37; Roche Nutley, USA) and glutamate-oxalacetate transaminase (EC 2.6.1.1; Roche) according to Möllering (1985a) . Citrate was quantified with citrate lyase (EC 4.1.3.6; Roche) coupled to L-malate dehydrogenase and L-lactate dehydrogenase (EC 1.1.1.27; Roche) according to Möllering (1985b) . 2OG was determined with L-glutamate dehydrogenase (EC 1.4.1.2; Roche; Möllering 1985a). OAA/Pyr was estimated as described for citrate, but omitting citrate lyase in the reaction mixture (Gallardo et al. 1995b) .
Results
Overexpression of pine ICDH in poplar plants
Poplar plants overexpressing pine ICDH (AY344584; Pascual et al. 2008a ) were selected and regenerated using standard in vitro culture procedures (Gallardo et al. 1999) . The presence of the ICDH transgene in the poplar genome was confirmed by PCR amplification of genomic DNA from 12 independent transgenic lines using specific primers designed to amplify a 500 bp region at the promoter-cDNA junction (Figure 1a) . No amplification band was observed in the lane of untransformed control plants (Figure 1b, control) . To assess the transgene copy number in the independent lines, genomic DNA was isolated and digested with BamHI, XbaI and SacI, separated by electrophoresis, transferred to nylon membrane, and hybridized with the pine fulllength cDNA (see Figure S1 available as Supplementary Data at Tree Physiology Online). The hybridization pattern allowed us to identify lines harbouring 1-4 transgene copies at different integration sites.
ICDH expression in transgenic poplars
Total RNA was isolated from young leaves and apical stem of control and transgenic poplar plants and PpICDH transcript levels were analysed by real-time qPCR. The transgenic lines showed a high and variable expression of the transgene in both leaf (Figure 2a , PpICDH) and stem (see Figure S2 , top panel, available as Supplementary Data at Tree Physiology Online), but no correlation between the number of integration events of transgene and the levels of the accumulated transcript was observed, possibly reflecting different positional effects produced by the chromosomal sequences adjacent to the inserted T-DNA (Matzke et al. 2000) .
The Populus trichocarpa database contains six ICDH sequences, two of which encode cytosolic isoforms (Potri.017G144500.1; Potri.004G074900.1). These genes share at 96% similarity in their amino acid level and thus likely originated by genome duplication (Tuskan et al. 2006) . We examined whether overexpression of PpICDH in poplar altered the expression levels of cytosolic poplar ICDH genes. Interestingly, compared with the untransformed plants, several transgenic lines showed higher expression of Potri.017G144500 in both leaf ( Figure 2b ) and apical stem (see Figure S2 , bottom panel, available as Supplementary Data at Tree Physiology Online). The expression pattern of Potri.004G074900.1 in the different samples was similar but lower than Potri.017G144500. A linear correlation statistically significant (P < 0.01) between the expression of the transgene and the ICDH poplar gene (R 2 = 0.654) could be established in young leaves (Figure 2c ). Four transgenic lines (T3, T8, T10 and T15) with high levels of transgene expression were selected for further analyses.
ICDH and GS levels in transgenic poplars
The expression of ICDH was further studied by determining protein and activity levels in transgenic and control lines. Compared with control plants, increased levels of polypeptide and activity were found in the leaves of transgenic lines (Figure 3a and b) . Transgenic lines showed in average 2.4-fold higher content of the ICDH polypeptide than young control leaves (Figure 3a) . However, the levels of specific activity were only 1.5 higher in the transgenic lines than in control untransformed plants (Figure 3a) .
In developing photosynthetic tissues, ICDH is involved in nitrogen assimilation and recycling (Pascual et al. 2008a, Tree Physiology Online at http://www.treephys.oxfordjournals.org 2008b). To analyse a possible effect on glutamine and glutamate biosynthesis, the GS protein content was also investigated by western blot analysis. Figure 3b shows a correlation (R 2 = 0.9818) statistically significant (P < 0.01) between GS and IDH protein content suggesting a connection between primary nitrogen metabolism and the overexpression of pine ICDH in transgenic young leaves. The analysis of protein extracts also showed differences in the relative content of GS polypeptides between control and transgenic leaves (Figure 3b and c) . In control plants, the main band corresponded to chloroplastic GS2 polypeptide as reported in previous studies (Fu et al. 2003 , CastroRodríguez et al. 2011 , but the ICDH transgenic lines showed similar content of cytosolic GS (GS1) and chloroplastic GS (GS2) (Figure 3b and c) . The data showed a shift in the relative content of GS1 isoform in young poplar leaves from 21.3% of the total GS protein content in control plants to 44.4% in ICDH transgenics (Figure 3c ). However, similar levels of ICDH polypeptides were observed between control and transgenic plants in protein samples from the apical part of the stem. Only cytosolic GS was detected in stems, and a lower GS1 content was observed in control plants (see Figure S3 available as Supplementary Data at Tree Physiology Online).
Growth of transgenic ICDH plantlets
To determine if ICDH expression had an effect on stem growth, the height and internode length were investigated in control and four independent transgenic lines (T3, T8, T10 and T15). Figure 4a shows phenotypes of transgenics and control untransformed poplars (62 days of growth). Compared with control plants, the transgenic lines exhibited a slight increased growth that was apparent from day 34 after the transfer of in vitrorooted plants into soil and resulted in an increase in height of 18% with respect to control plants after 62 days of growth. The T15 line exhibiting the highest growth rate was also included in the growth curve (Figure 4b ). Despite these differences, no change in the number of leaves and nodes was observed between control and transgenic plants. At the end of the experiment (62-day-old plants), all plants had the same number of nodes, but the internodes were more elongated in the transgenics when compared with untransformed plants (Figure 4c ).
Effect of ICDH overexpression on leaf development
Glutamine synthetase can be considered as a marker in development in poplar (Fu et al. 2003) . Accordingly, the modification in the pattern of GS isoenzymes in the ICDH transgenics could be indicative of alterations in primary metabolism and development.
To test this hypothesis, we studied the expression of several genes related to nitrogen metabolism, such as PtaGS1.3 (Castro-Rodríguez et al. 2015), glutamate dehydrogenase (PtaGDH) and glutamate decarboxylase (PtaGAD; Molina-Rueda et al. 2010 and other genes associated with secondary growth (Figure 5a ). Two genes predominantly expressed in tissue undergoing secondary growth (Pta070 and PtaRHE1), and three genes associated with cell wall biosynthesis (trans-cinnamate 4-hydroxylase 1, PtaC4H1; cinnamyl alcohol dehydrogenase 10, PtaCAD10 and caffeoyl CoA 3-O-methyltransferase 1, PtaCCoAMT1) were selected for investigation. The expression analysis was carried out in young leaves of 2-month-old plants.
The expression levels of PtaGS1.3 and PtaGAD in four transgenic lines were fourfold higher than in control samples, while the expression levels of PtaGDH were between two-and sixfold higher in the transgenic lines. Pta070 and PtaRHE1 genes that encode a putative nucleic acid binding protein-like and a RING finger protein expressed in primary xylem and in ray initials within the cambial zone, respectively (van Raemdonck et al. 2005 , Baldacci-Cresp et al. 2015 , also showed increased transcript levels with respect to control plants (Figure 5a ). Compared with control plants, the expression levels of PtaC4H1 and PtaCCoAMT1 increased by 1.5-to 4-fold in the transgenic lines, while the expression levels of PtaCAD10 were upregulated by 1.5-to 2.5-fold in the four transgenic lines.
To test whether these changes in gene expression were consequence of alteration in vascular development, the venation in young leaves of control and transgenic lines was studied. As observed in Figure 5b , young leaves of transgenic lines showed a higher development of the midrib, and secondary and tertiary veins compared with control plants. The thickness of the midrib and secondary veins were about 65% and 80% higher in the transgenic tip leaf than in controls (Figure 5b ). These differences were more clearly observed in the tip of young leaves, where vascular elements are less developed. In the basal part of the leaf, or in expanding leaves with prominent vein development, no significant differences were found between transgenic and control lines. No changes in leaf shape or size were observed during plantlet development.
Effect of ICDH overexpression on stem development
Gene expression was also examined in the apical stem of transgenic plants (Figure 6a ). The overexpression of PpICDH produced an upregulation of all genes analysed. Compared with control plants, expression levels of PtaGS1.3 and PtaGAD were fourfold higher in transgenic lines. These plants also showed increased transcript levels of PtaGDH and the expression levels of genes associated with secondary development, PtaC4H, PtaCAD10 and PtaCCoAMT1, were at least 1.5-fold with respect to control plants.
To analyse whether a modification in vascular development might be associated with changes in gene expression, we examined transverse sections of the apical part of the stem by scanning electron microscopy. We found that the overall stem structure of transgenic plants was in a more-differentiated state than in the control plants. In fact, the vascular system remains in the apical control sections as separated elements, while in transgenic plants a continuous cambial zone with developing secondary xylem was observed (Figure 6b, top panels) . The diameter of the stem and the width of the vascular system in transgenic lines . Results are the mean ± SE of at least three independent determinations from four to six individual plants for each transgenic line (n = 16-24) and control plants (n = 6). The average ICDH protein content and activity corresponding to the four transgenic lines is also presented. (b) Total soluble proteins were prepared from whole leaves of control and independent transgenic lines. Proteins (20 μg) were separated by SDS-PAGE, electrotransferred onto nitrocellulose membranes and immunoprobed with antibodies raised against pine ICDH (Palomo et al. 1998) or against pine cytosolic GS (Cantón et al. 1996) . Polypeptide levels for GS (GS1 + GS2) and ICDH in transgenic lines were quantified by densitometry using ImageJ software (Schneider et al. 2012) and they are plotted in arbitrary units (white diamonds) with respect to control plants (black diamond). Representative western from a control and four transgenic lines are shown inside the plot. (c) Glutamine synthetase isoforms (GS2, white bars and GS1, grey bars) content in young leaves of control and transgenic lines. Results are the mean ± SE from three biological replicates, each comprised by leaves from four to six plants for each transgenic line (n = 16-24) and control plants (n = 6). Asterisk indicates a significant difference at P < 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org were 10-15% higher than those of the control plants; whereas the lamina composed of the parenchyma plus the epidermis layer had similar thickness compared to the control lines (Figure 6b ).
Organic acid and amino acid content in ICDH transgenic poplars
The effect of ICDH overexpression on organic acid and amino acid content was studied in leaf and stems of plantlets (Figure 7 and see Table S2 available as Supplementary Data at Tree Physiology Online). Leaf development produces a notably decrease in the free content of all metabolites measured including citrate, malate, 2OG, OAA/Pyr and total amino acid in both control and transgenic plants (Figure 7, leaves) . Besides the common general pattern, some significant differences were found between control and transgenic plants. Values of citrate and 2OG content were 37% and 29% lower in young transgenic leaves than in control, respectively. Also, total free amino acid content was significantly lower (55%) in transgenic young leaves compared with control ones (Figure 7 , young leaves). In the case of mature leaves, some significant differences were also observed between lines. Thus, transgenic mature leaves showed a higher content in malate (24%) and 2OG (56%), but lower content in OAA/Pyr (50%) and in total free amino acid (18%) with respect to control mature leaves (Figure 7 , mature leaves).
In the stem of plants, the profiles of organic acid and amino acid contents also follow a notable decrease with differentiation in all lines (Figure 7, stem) . Some significant differences between transgenic and control plants were found in malate levels, with higher content in the samples from apical and bottom parts of stem of transgenic plants with respect to control plants. Slight differences were also found in 2OG values, with a higher content also in the stem of the transgenic plants. In regard to total amino acid content, marked differences were observed in the apical part of the transgenic lines, with content about double with respect to control plants (Figure 7 and see Table S2 available as Supplementary Data at Tree Physiology Online).
The detailed content in amino acid levels in leaves is shown in Table S3 available as Supplementary Data at Tree Physiology Online. Glutamate and asparagine represented on average 46-54% of total amino acid levels in young and mature leaves. Compared with control plants, significantly lower levels of glutamate content (−9.8%) were observed in young transgenic leaves, while increased asparagine levels were observed (+7.2%). In mature leaves, the main difference between transgenic and control plants was observed in the content of γ-aminobutyric acid (GABA), which represents about 14.8% of total free amino acids in the transgenics, meanwhile its content in control leaves was low (0.6%). The comparative analysis of data indicates that an increased accumulation of malate, citrate, 2OG, glutamate and GABA contents was observed in transgenic leaves Growth curve of control (black diamonds), the average of transgenic lines (white squares) and T15 line (white triangles). (c) Internodes length of control (black diamonds) and mean of four transgenic poplars (white squares). The plants were grown for 62 days in a 16 h light/8 h dark regime in a growth chamber. Four independent transgenic lines (T3, T8, T10 and T15), as well as the control line were used. Data are means ± SE of at least four biological replicates per line (transgenics, n = 16; control, n = 6) in three independent experiments; *P < 0.05 when analysed by Student's t-test.
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with respect to control plants during leaf expansion, while pools of OAA/Pyr, alanine, asparagine, aspartate, histidine, serine, threonine and tyrosine were decreased in leaf expansion in transgenics with respect to control plants (Figure 8 ).
Discussion
Wood has great potential as bioenergy source, both as a feedstock for liquid biofuels and biomass. Nutrient-use efficiency is one of the components of growth and therefore of high importance for wood production. Nitrogen assimilation in plants is a key factor regulating growth and development. Numerous studies using transformation approaches have shown the relevance of GS isoenzymes in plant development, biomass production and yield (Cánovas et al. 2006 , Castro-Rodríguez et al. 2015 , Zhang et al. 2017 , but the relevance of the enzymes involved in 2OG supply for ammonium assimilation and glutamate biosynthesis was controversial because of redundancy of IDH enzymes (Hodges 2002) . Transgenic poplar with ectopic GS1 expression showed an essential role of glutamine biosynthesis in growth, photosynthesis and tolerance to abiotic stresses (Gallardo et al. 1999 , Fu et al. 2003 , Jing et al. 2004 , Elkhatib et al. 2004 , Man et al. 2005 , Pascual et al. 2008b , Coleman et al. 2012 , Molina-Rueda and Kirby 2015 . In Figure 5 . Expression analysis and vascular development in poplar leaves. (a) Total RNA was isolated from young leaves of control and transformed poplar lines. The expression of PpICDH (AY344584), PtaGS1.3, PtaGAD, PtaGDH, trans-cinnamate 4-hydroxylase 1 (PtaC4H1), cinnamyl alcohol dehydrogenase 10 (PtaCAD10), caffeoyl CoA 3-O-methyltransferase 1 (PtaCCoAOMT1) and two genes associated to secondary growth (PtaRHE1, AY780430; Pta070, CV555440) were quantified by qPCR in controls (black bars) and four independent transgenic lines (grey bars). Actin2 was used as reference gene, and the expression level of each gene in the control untransformed plants was set to 1. The gene-specific primers used are listed in Table S1 available as Supplementary Data at Tree Physiology Online. Each value is the mean ± SE of six biological replicates represented by individual plants. The asterisks indicate significant differences from control plants (*P < 0.05). ND, not detected. (b) Vascular patterns in the young leaf tips of control and transformed poplar lines. Representative anatomical features of T3 and T15 transgenic poplar are shown. Thickness of primary (black bars) and secondary (grey bars) veins from control and transgenic poplar young leaves tips were quantified by densitometry using ImageJ software (Schneider et al. 2012) . Each value is the mean ± SE of six biological replicates represented by individual plants (control n = 6; six plants of four independent transgenic lines n = 24). The asterisks indicate significant differences from control plants (*P < 0.05). The scale bars represent 500 μm.
contrast, overexpression of IDH enzymes has not been explored to date despite of the relevance of 2OG supply for glutamate synthesis and development.
In this work we have increased the levels of ICDH in transgenic poplars by overexpression of a pine ICDH gene, with the objective to explore the role of this isoenzyme in woody plants. The expression levels of transgene, PtaGS1.3, PtaGAD, PtaGDH, Pta070, PtaRHE1, PtaC4H1, PtaCAD10 and PtaCCoAOMT1 were examined by qPCR in controls (black bars) and four independent transgenic lines (grey bars). Actin2 was used as reference gene, and the expression level of each gene in the control untransformed plants was set to 1. Each value is the mean ± SE of six biological replicates represented by individual plants. The asterisks indicate significant differences from control plants (*P < 0.05). ND, not detected. (b) Scanning electron micrographs of cross sections of apical stem from control (left panel) and transformed plants (right panel). Diameter of apical stem (striped bars) and thickness of vascular system (VS, black bars) and the lamina composed of the parenchyma plus the epidermis layer (PQ + EP, grey bars) from control and transgenic poplars were quantified by densitometry using ImageJ software (Schneider et al. 2012) . Each value is the mean ± SE of six biological replicates represented by individual plants (control n = 6; six plants of four independent transgenic lines n = 24). The asterisks indicate significant differences from control plants (*P < 0.05). VS, vascular system; PQ, parenchyma; EP, epidermis. The scale bars represent 100 μm (upper panels) and 20 μm (lower panels).
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To our knowledge, the effects of overexpressing this enzyme have not been previously studied in plants.
Overexpression of ICDH produced plants with increased endogenous ICDH gene expression (Figure 2b and see Figure S2 available as Supplementary Data at Tree Physiology Online) and higher enzyme content than control untransformed plants. Similar results affecting the expression of the endogenous protein or gene have been reported in GS transgenic tobacco (Hirel et al. 1992 ) and poplar (Molina-Rueda and Kirby 2015), possibly indicating some unknown signalling effect resulting from a putative alteration in amino acid content and/or metabolism.
ICDH transgenic poplars also showed high level expression of cytosolic GS, enzyme associated with the input load of amino acids for the production of new plant structures. While overexpression of cytosolic GS affected mainly the growth of the plant, as determined by the increase in the number of stem nodes (Fu et al. 2003) , the overexpression of ICDH was associated with an increase in the nodes elongation of the transgenic plants (Figure 4) .
The effect on development was also observed in the younger parts of the plant where vascular elements are less developed. The young transgenic leaves had thicker central midvein and secondary veins compared with control leaves (Figure 5b ) and higher transcript level for PtaGS1.3, PtaGAD and other genes associated with cell wall biosynthesis, such as PtaC4H1, PtaCAD10 and PtaCCoAMT1 (Figure 5a ). Key genes associated with the secondary growth, such as Pta070 and PtaRHE1 (van Raemdonck et al. 2005 , Baldacci-Cresp et al. 2015 , also were Tree Physiology Online at http://www.treephys.oxfordjournals.org upregulated in plants overexpressing ICDH (Figure 5a ). PtaRHE1 encodes a RING-H2 protein expressed predominantly in the phloem and its downregulation in poplar modifies lignin composition producing secondary phloem fibres with reduced cell wall thickness (Baldacci-Cresp et al. 2015) . ICDH transgenic plants also showed a higher vascular differentiation in the apical part of the stem compared with control plants (Figure 6b) , which was associated with higher expression levels of genes associated with nitrogen metabolism and secondary cell wall biosynthesis (Figure 6a ).
2OG and glutamate are required in many reactions and processes and the high catalytic efficiency of cytosolic ICDH (Palomo et al. 1998 ) and redundancy of ICDH isoenzymes (Hodges 2002) are elements that possibly minimize the impact of ICDH overexpression in mature cells and organs. In fact, previous works with antisense ICDH plants displaying only 6-10% residual activity showed neither growth alteration nor major changes in the phenotype (Kruse et al. 1998 , Gálvez et al. 1999 . Furthermore, icdh mutants of Arabidopsis with less than 10% leaf ICDH activity showed only a relatively minor decrease in rosette growth and biomass production, and no significant alterations in amino acid contents (Mhamdi et al. 2010 ). Such observations suggest that residual cytosolic ICDH activity might be sufficient to meet with the carbon skeleton demand for ammonium assimilation and amino acid biosynthesis.
However, our results show that a increase in ICDH activity produce changes in content of metabolites during young-tomature leaf expansion (Figure 7 and see Table S2 available as Supplementary Data at Tree Physiology Online). Poplar leaves undergo a number of structural changes consistent with the accumulation and export of photosynthate and the transition into source organs (Jeong et al. 2004) . Young poplar leaves behave as a sink organ when they accumulate free amino acids and efficiently use carbohydrates for building cellular structures and for producing energy (Masclaux et al. 2000) . In contrast, expanding leaves with higher Rubisco and GS levels have different photosynthetic and metabolic competences (Pascual et al. 2008b ). The observed decrease in organic acids and total amino acid content in young transgenic leaves (Figure 7 ) might indicate a higher channelling of carbon skeletons to amino acids for building new structures, and also for transport to sink organs. These results are in agreement with the enhancement in vascular development and the higher expression of marker genes observed in the young leaves ( Figure 5 ) and the apical stem (Figure 6 ) of transgenic plants. Samples from six individual plants from four independent transgenic ICDH lines (n = 24) and six control plants were used for metabolite analysis. Only presented are the amino acids that comprise more than 10% of the total free amino acid content in the sample or the amino acids whose content during expansion of the leaf (difference in % of amino acid content between mature and young leaf) is ≥2.5%. (b) Proposed model comparing the differences in amino acids and organic acids flow between control and ICDH transgenic plants during leaf expansion. The compared analysis of the data revealed a significant increase in malate, citrate, 2OG, glutamate and GABA content in transgenic leaves with respect to control plants during leaf expansion.
The comparative analysis of metabolite changes during leaf expansion shows that ICDH overexpression is affecting organic acid contents including citrate, malate and 2OG, and glutamate and GABA levels (Figure 8 ). γ-aminobutyric acid (GABA) is also a signalling molecule and alteration of the ratio glutamate/GABA has been shown to affect plant development (Bouché et al. 2004, Akama and Takaiwa 2007) . The involvement of GAD in vascular development has been proposed in previous reports, in both pine (Molina-Rueda et al. 2010 and poplar (Molina-Rueda 2009). Higher levels of GAD transcripts, protein and GAD activity were found during hypocotyl development and vascular differentiation in pine seedlings and GABA has been localized in differentiating xylem (Molina-Rueda et al. 2010 . Additionally, the formation of compression wood, a wood type produced in stems and branches of gymnosperms as a response to the loss of vertical position, correlated with an increase in the transcript levels of ICDH and GAD. Furthermore, the presence of GABA in the compression-forming side of the stem suggests a relationship between vascular differentiation and glutamate-derived GABA biosynthesis (Molina-Rueda et al. 2010 .
In conclusion, this research supports the central role of cytosolic ICDH in plant metabolism and amino acid biosynthesis, a hypothesis initially launched by Chen and Gadal (1990b) , associated with a high demand of glutamate as reported in tomato (Gallardo et al. 1995a) , potato (Fieuw et al. 1995) , Norway spruce (Wallenda et al. 1996) , tobacco (Scheible et al. 1997 ) and eucalyptus (Boiffin et al. 1998) . The alteration of ICDH levels presented in this work also supports the relevance of glutamate and GABA in the production of new structures associated to vascular differentiation.
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